INTRODUCTION
The most basic unit of motor action is a reflex arc. A sensory organ is activated by a stimulus and drives a motoneuron that leads to a response in an effector cell, usually a muscle. Reflex arcs are typically located in the hindbrain or spinal cord and mediate fast responses through positive or negative feedback loops. While the reflex arc can be formed by a direct connection from a sensory afferent to a motoneuron, frequently reflex arcs include a second-order neuron, or interneuron, between the sensory and motor neuron. The second-order neuron may play two roles: first, as a gate to modulate the effectiveness of the reflex arc and second, as a relay to convey information to the brain or other parts of the body.
Reflex arcs are fundamental to touch that is mediated by the vibrissa system of rodents. Rhythmic motion of the vibrissae is driven by a central oscillator that can operate independently of direct sensory feedback (Welker, 1964; Gao et al., 2003; Berg and Kleinfeld, 2003; Moore et al., 2013) . The effect of vibrissa contact on whisking kinematics has been studied in freely moving and head-restrained rats (Sachdev et al., 2003; Mitchinson et al., 2007; Grant et al., 2009; Deutsch et al., 2012; Hires et al., 2013; Voigts et al., 2015) . The results of these studies are not clearly consistent. Upon contact with an object, vibrissae on the side of contact may rapidly and transiently protract (Sachdev et al., 2003) , retract (Mitchinson et al., 2007) , or exhibit a pump-like motion of retraction followed by protraction, denoted as a touch-induced pump by Deutsch et al. (2012) (Figure 1A) . As discussed by Sherman et al. (2013) , neuro-reflexive motion can occur through parallel pathways in the brainstem ( Figure 1B ). Reflexive retraction may occur by transient inhibition of the intrinsic motoneurons and/or by excitation of motoneurons that drive the extrinsic retractor muscles, i.e., maxolabialis and nasolabialis. Reflexive protraction may occur by transient excitation of the intrinsic motoneurons and/or by excitation of motoneurons that drive the extrinsic protraction muscle nasolabialis profundus.
Independent of the details of the motion, the lack of direct projections from primary vibrissa afferents to facial motoneurons (Hattox et al., 2002; Takatoh et al., 2013) implies that sensory feedback involves second-order or higher-order neurons. In fact, experiments in brainstem slice indicate that sensorimotor feedback is mediated by a disynaptic pathway that lies in the hindbrain (Nguyen and Kleinfeld, 2005) . This circuit involves premotor neurons located in the oralis (spinal trigeminal subnuclei oralis [SpVO] ) and rostral interpolaris (spinal trigeminal subnuclei rostral interpolaris [SpVIr] ) subnuclei of the spinal trigeminal complex (Pinganaud et al., 1999; Takatoh et al., 2013; Sreenivasan et al., 2015) . Transsynaptic labeling further revealed a differential distribution of trigeminal premotor neurons. Those that innervate the intrinsic protractor motoneurons are principally located in subnucleus SpVO, while premotor neurons that drive the extrinsic retractor motoneurons in the mystacial pad are preferentially clustered in subnucleus SpVIr Sreenivasan et al., 2015) . Thus, the known anatomy can support a mixed inhibitory and excitatory response (Deutsch et al., 2012; Sherman et al., 2013 ). Yet the specifics of this circuitry and the potential involvement of different muscle groups in the reflex arc ( Figure 1B ) remain an open issue.
Here we used intracellular recording, virus-based labeling methods, including intersectional genetic viral labeling, for tract tracing and neuronal activation and inactivation, as well as classical tracers, to decipher the circuitry involved in reflex control of facial motoneurons. We further extend past studies to include muscle nasolabialis profundus (Hill et al., 2008) .
RESULTS

Anatomical Background
The facial nucleus is the sole output station that controls the activation of vibrissa muscles. It contains only alpha motoneu- (A) Vibrissa contact leads to a pump-like motion, with a transient dip in the protraction of the vibrissae and an elongation of the interval of protraction. The left illustration shows the setup to observe contact while a head-fixed rat whisks, while the right image shows the angular dependence of the vibrissae during whisking in air versus touch to a pole. Data are from Deutsch et al. (2012) . (B) Cartoon of the muscles that control protraction and retraction of the vibrissa and may be involved in the reflex. Activation of the intrinsic muscles is the major drive of protraction. Activation of the extrinsic muscle nasolabialis profundus pulls the mystacial pad rostral and thus shifts the vibrissae toward protraction, while activation of the extrinsic muscles nasolabialis and maxillolabialis pulls the pad caudal and thus shifts the vibrissae toward retraction. The extrinsic muscle fibers (emfs) run underneath the skin between rows of vibrissae. Illustration by J. Kuhl.
rons , no local circuit cells, and its motoneurons do not give off intranuclear axon collaterals (Friauf, 1986) . Several studies have shown that the rodent facial musculature is anatomically mapped within the facial motor nuclear complex (Watson et al., 1982; Ashwell, 1982; Hinrichsen and Watson, 1984; Komiyama et al., 1984; Furutani et al., 2004; Klein and Rhoades, 1985; Takatoh et al., 2013; Sreenivasan et al., 2015; Deschê nes et al., 2016) . Motoneurons that innervate the intrinsic vibrissa muscles are located in the ventral lateral part of the nucleus, the extrinsic retractor muscles nasolabialis and maxillolabialis are represented dorsolaterally, and the extrinsic protractor muscle nasolabialis profundus is represented at the lateral most edge of the nucleus.
As a means to map premotor input to the extrinsic protractor muscle, DG-Rabies (Wickersham et al., 2007) was injected into muscle nasolabialis profundus (five juvenile mice). We observed retrograde labeling at the extreme lateral edge of the facial nucleus, transsynaptic labeling in the parafacial region and in the preBö tzinger complex, but virtually no transsynaptic labeling in trigeminal sensory nuclei (three cells in five mice; Figure 2 ). We conclude that nasolabialis profundus motoneurons are not likely involved in short-latency reflex motion to whisker contact.
Response of Facial Motoneurons to Vibrissa Deflection in Anesthetized Rats
In a second series of experiments (eight rats), we examined synaptic events evoked in facial motoneurons by passive deflection of the vibrissae (Figure 3 ). Motoneurons were identified as intrinsic motoneurons on the basis of single-vibrissa protractions elicited by the firing of action potentials during intracellular current injection (20 cells). Otherwise, motoneurons were considered as extrinsic motoneurons, which included motoneurons whose firing led to the retraction of two to six vibrissae (four cells) and motoneurons that displayed respiratory modulation (three cells). The other motoneurons remained uncharacterized (five cells).
In ketamine and xylazine-anesthetized rats, facial motoneurons had no spontaneous activity, and air-puff deflection of the vibrissae did not elicit extracellular spiking activity. When cells were recorded intracellularly, we observed a short-latency hyperpolarization in all intrinsic motoneurons (20 cells) upon deflection of the vibrissae ( Figure 3A) , irrespective of whether air puffs deflected the vibrissa driven by the cell or the adjacent vibrissae. Air puffs directed toward the tip of the nose did not elicit any response. The hyperpolarization had a mean onset latency of 3.5 ± 0.4 ms, and it was often followed by depolarizing events that occasionally led to spike discharge ( Figure 3B , arrows). The hyperpolarization reversed polarity at about À70 mV (Figure 3C) , and it became rapidly depolarizing, i.e., within 1 min, after impalement with a KCl-filled pipette (five cells; Figure 3D ). Thus, this early event was identified as a chloride-mediated inhibitory postsynaptic potential (IPSP).
In pad retractor motoneurons (four cells), deflection of a vibrissa induced a depolarization at a mean latency of 3.3 ± 0.2 ms (four cells; Figure 3E ); no response was observed in the other motoneurons (eight cells). The data of Figure 3F illustrate the time course of vibrissa-evoked responses in facial motoneurons together with the local field potential recorded in subnucleus SpVO. One can appreciate the fast onset of motoneuronal responses, which lagged the onset of the field potential by a mere 0.5 ms. 
Assessment of Reflex Latency
The latency of a reflex is the sum of the time delay for motoneuron activation after stimulus onset plus the time delay for muscle contraction after motoneuron firing. From the above intracellular recordings, motoneurons were activated or inhibited about 3.5 ms after stimulus onset. To measure the latency of vibrissa motion induced by the spiking of motoneurons, vibrissae were observed under a stereomicroscope to detect movements induced by cell firing driven by current injection. Once protraction of a single vibrissa was detected, a piezoelectric film was placed in contact with the rostral edge of the vibrissa. This allowed an accurate measurement of the time delay between the firing of an action potential and the initiation of vibrissa protraction ( Figures 3G and 3H ). The mean latency of protractions was 7.5 ± 0.4 ms (ten cells; 1,293 spikes), which is within the range of latencies, i.e., 7.6 ± 2.5 ms, reported by video tracking (Herfst and Brecht, 2008) . Together these results indicate that the shortest reflex latency in the vibrissa-trigemino-facial loop is in the range of 11-13 ms, which is in accord with the reflex latency of 13 ms estimated for freely exploring rats (Mitchinson et al., 2007) .
Anatomical Substrate for Reflex Excitation and Inhibition in Rats
The short latency of vibrissa-evoked responses in facial motoneurons indicates that sensory inputs must arise from the trigeminal sensory complex. Transsynaptic labeling studies in mice showed that the subnucleus SpVO contains both glutamatergic and GABAergic or glycinergic premotor neurons that target motoneurons that drive the intrinsic vibrissa muscles. In contrast, subnucleus SpVIr contains a single population of glutamatergic premotor neurons that target motoneurons that drive the extrinsic retractor muscles Sreenivasan et al., 2015) . We thus investigated the origin of the trigeminofacial excitatory and inhibitory inputs that target the intrinsic and pad retractor motoneurons in rats. Fluorogold was injected iontophoretically in the ventral lateral facial nucleus, and parasagittal sections of the trigeminal sensory nuclei were processed for in situ hybridization using a vesicular GABA transporter (VGAT) probe. Three injections were restricted to the ventral lateral part of the facial nucleus ( Figure 4A) , with no spread of the tracer in the dorsolateral sector where retractor muscles are represented. In these three cases, we found retrogradely labeled cells nearly exclusively in the oralis nucleus ( Figure 4A ), where 24% (159 of 652) of labeled cells expressed the VGAT transcript ( Figure 4B ). Assuming that oralis neurons are glutamatergic or GABAergic or glycinergic (Ge et al., 2014; Avendañ o et al., 2005; Takatoh et al., 2013) , one can infer that oralis premotor neurons provide both glutamatergic and GABAergic or glycinergic inputs to motoneurons that drive the intrinsic vibrissa muscles.
It was previously reported that trigeminal premotor neurons that drive the extrinsic retractor motoneurons preferentially cluster in the SpVIr (Sreenivasan et al., 2015) . We thus examined whether interpolaris cells that project to the facial nucleus also project to the posterior group (Po) of the thalamus. We used a conditional labeling strategy, which consists of injecting a retrograde lentivirus that expresses Cre in the Po thalamus (RG-LVhSyn-Cre) and an adeno-associated virus (AAV) Flex-eGFP vector in the SpVIr (Figures 4C-4E ). This approach revealed a collateral projection to the facial nucleus from interpolaris cells In some intrinsic motoneurons, the early hyperpolarization was interrupted or followed by depolarizing events that triggered an action potential (arrows; action potentials are cropped). (C and D) In intrinsic motoneurons, the hyperpolarization triggered by air puff deflection of the vibrissae reversed in sign upon hyperpolarizing current injection (C), and it became depolarizing shortly after cell impalement with a KCl-filled pipette (D). (E) In pad retractor motoneurons, passive vibrissa deflection induces a prompt excitation. The ten superimposed traces in this panel are from a motoneuron that drove retraction of vibrissae E1, E2, E3, D1, D2, and D3. (F) The time course of sensory-evoked responses in an intrinsic motoneuron and a pad retractor motoneuron with that of the local field potential (LFP) recorded in the subnucleus SpVO. Each trace is the average of 35 responses. Note the very short delay, about 0.5 ms, between the onset of the LFP (dashed line) and the onset of intracellular events. (G) Traces show how the latency of protraction after a motoneuronal spike was measured. In this example, spikes were triggered by current injection in a D1 motoneuron, and a piezoelectric film was used to monitor displacement of vibrissa D1 (red trace). (H) Spike-triggered average protraction of vibrissa D1 (34 events).
that projected to the Po thalamus ( Figure 4F ). The three-dimensional map of Figure 4G shows that the vast majority of labeled terminals were located in the dorsal lateral sector of the nucleus, where pad retractor motoneurons are clustered. This result is direct evidence that reflex activation of pad retractor motoneurons is mediated, at least in part, by glutamatergic interpolaris cells that project to the Po thalamus.
Anatomical Substrate for Trigemino-Facial Reflex in Mice A prior study in mice revealed that subnucleus SpVO provides both glutamatergic and GABAergic or glycinergic inputs to the intrinsic protractor motoneurons, while glutamatergic SpVIr neurons innervate the extrinsic retractor motoneurons . We thus examined whether interpolaris cells that innervate pad retractor motoneurons also project to the Po thalamus in mice. Motivated by a past study (Chiaia et al., 1992) , we found that parvalbumin (Pv) is expressed in excitatory (glutamatergic) SpVIr neurons. To determine whether Pv+ SpVIr cells represent the premotor neurons that project to both the Po thalamus and extrinsic facial motoneurons, we employed a split-Cre These data make use of a split-Cre strategy Stanek et al., 2016) . The starting substrate in all cases is mice that are engineered to express CreN in neurons that naturally express parvalbumin. Retrograde lentivirus pseudotyped with FuGB2-coat that encodes CreC (RG-LV-CreC) was injected into the Po thalamus. Thus, functional Cre is reconstituted in parvalbumin (Pv)-positive neurons that project to the Po thalamus. (A) Schematic of experiment to confirm that Pv neurons in subnucleus SpVIr that further project to the Po thalamus will form excitatory synapses. PvCreN mice were crossed to tdTomato reporter mice so that all neurons contain the Cre-dependent tdTomato (Pv-CreN;Ai14). Here the functional Cre leads to expression of tdTomato in Pvpositive neurons that project to the Po thalamus. (B) In situ hybridization performed on mice prepared as in (A) shows that vGlut2 (pseudo-colored red) is co-expressed in neurons that stain positive for tdTomato (anti-RFP pseudo-colored green) (coronal section, counter-staining with DAPI). (C) Schematic of experiment to confirm that Pv neurons in subnucleus SpVIr that further project to the Po thalamus also project to the facial motor nucleus. AAV that encodes Cre-dependent GFP (AAV-hSyn-Flex-GFP) was injected into subnucleus SpVIr at the same time that RG-LVCreC was injected into the Po thalamus in PvCreN mice. Only Pv-positive SpVIr neurons that project to the Po thalamus will express GFP, and the axonal collaterals of labeled neurons in the FN can be visualized. (D) Low-and high-magnification views of terminals (green) in the Po thalamus for mice prepared as in (C). Arrows point to labeled terminals (coronal section, counter staining with NeuroTrace blue). (E) Terminals (green) in the FN for mice prepared as in (C). Coronal section shows the region where extrinsic motoneurons are located and counter staining with NeuroTrace blue are shown. (F) Schematic of experiment to confirm that Pv neurons in the SpVIr that further project to the Po thalamus can drive motoneurons for the extrinsic muscles in the mystcial pad ( Figure 1B) . Pv-CreN mice were crossed to channelrhodopsin (ChR2) reporter mice so that all neurons contain Credependent (Pv-CreN;Ai320). Here the functional Cre leads to the expression of ChR2 in Pv-positive neurons that project to the Po thalamus. A cannula for an optical fiber was implanted into the subnucleus SpVIr, and electromyogram (EMG) electrodes were implanted in the extrinsic muscles . (G) Data from mice, lightly anesthetized with ketamine and xylazine, prepared as in (F) . Light pulses at 440 nm, 20 ms wide, were delivered at 500-ms intervals. The ChR2 mice showed retraction muscle activation upon light stimulation, while control animals (without RG-LV-CreC injection) did not show any responses to the light stimulation.
system Stanek et al., 2016) . Specifically, we generated Pv-CreN knockin mice, and we injected retrograde lentivirus that expresses CreC (RG-LV-CreC) in the Po in PvCreN;Ai14 (Cre-dependent tdTomato reporter) double-transgenic mice. In this way, Pv+ SpVIr cells projecting to the Po were labeled with tdTomato.
In situ hybridization (three mice) demonstrated that the vast majority (97% ± 1%) of tdTomato-labeled neurons were vGlut2 positive ( Figures 5A and 5B) . We next injected RG-LV-CreC into the Po thalamus of Pv-CreN mice (four mice; Figure 5C ), and AAV-encoding Cre-dependent GFP was injected into the SpVIr. This approach ensures that only Pv-positive SpVIr neurons projecting to the Po thalamus are labeled in each mouse. We found that, just like in rats, GFP-labeled SpVIr neurons that projected to the Po thalamus gave off collaterals to the dorsolateral sector of the facial motor nucleus ( Figures 5D and 5E ). Optogenetic stimulation of Po-projecting SpVIr neurons that expressed channelrhodopsin further confirmed that the SpVIr-Pofacial dual projection activates muscle nasolabialis (six mice; Figures 5F and 5G).
Silencing SpVIr Premotor Neurons Prolongs Vibrissa Contact Time
Lastly, we examined whether silencing the SpVIr-facial projection affects the kinematics of whisking upon vibrissa contact in naive, head-restrained mice. This projection was inactivated unilaterally by injecting RG-LV-CreC into the Po thalamus of Pv-CreN animals and AAV encoding Cre-dependent TeLC-GFP into the SpVIr (six mice; Figures 6A and 6B ). Contactinduced transient vibrissa reaction was assessed by a change in vibrissa curvature ( Figure 6C ). In the naive mice used for this manipulation, retraction was observed in 3% and 7% of the cases on the normal and silenced side, respectively. The profound effect of silencing the SpVIr-facial projection was to significantly prolong contact on the silenced side ( Figure 6D ; see marginal on top), consistent with a lack of involvement of active retraction through the extrinsic retractor muscles ( Figure 1B) . On the other hand, and consistent with the absence of retractor muscle activity at the onset of protraction, the mechanical impulse ( Figure 6D ; inset) applied during the initial phase of contact remained unaffected by silencing the SpVIr-facial projection ( Figure 6D ; see marginal on right).
DISCUSSION
We have completed the wiring diagram of the shortest sensorimotor loops for reflex motion of the vibrissae upon contact with an object (Figure 7) . Primary vibrissa afferents excite GABAergic or glycinergic oralis neurons as well as glutamatergic cells in the oralis and interpolaris subnuclei. In turn, both excitatory and inhibitory oralis cells project to the motoneurons for intrinsic muscles, and they activate or suppress, respectively, motoneuron output for the intrinsic muscles that drive vibrissae protraction (Figures 3 and 4) . In contrast, Po-projecting Contact force is proportional to the curvature. At high forces a transient drop, or dip, occurs (see also Figure 1A ). (D) Scatterplot of the impulse upon contact versus the width of the contact interval for contact on the intact side versus the side with feedback to the extrinsic retractor muscle, i.e., Pv-positive SpVIr neurons that project to both the Po thalamus and to the extrinsic facial motoneurons, silenced. The impulse is computed as the curvature, which serves as a surrogate for the force at the base of the vibrissa, integrated over the onset of the contact (inset), i.e., Impulse = R interpolaris cells excite the motoneurons for extrinsic retractors by means of axon collaterals (Figures 3, 4 , 5, and 6). Thus, there are two pathways that can account for fast vibrissa retraction induced by vibrissa contact in prior behavioral studies (Mitchinson et al., 2007; Deutsch et al., 2012) , i.e., inhibition of the intrinsic motoneurons and excitation of the extrinsic retractor motoneurons. In contrast to the case for retraction, only one pathway can account for reflexive protraction reported by Nguyen and Kleinfeld (2005) and the touch-induced pumps by Deutsch et al. (2012) . In toto, these pathways allow both kinds of reflexes at the appropriate latencies, and their architecture facilitates top-down control of their execution and gain. Nguyen and Kleinfeld (2005) found exclusively short-latency reflexive excitation of intrinsic and/or nasolabialis motoneurons after stimulation of primary trigeminal afferents. Data were obtained from recording in horizontal brainstem slices in young rats and from electromyographic data in anesthetized adult animals. Two factors likely explain why vibrissa-evoked inhibition of intrinsic motoneurons, or related muscular suppression, was unnoticed in this earlier study. First, the effect of inhibition of the intrinsic motoneurons cannot be detected with electromyographic recordings in anesthetized animals because motoneurons that innervate the intrinsic muscles are already silent. Second, retrograde labeling shows that the inhibitory input to intrinsic motoneurons arises from oralis cells located dorsally relative to the depth of the facial nucleus. Thus, in horizontal slices that include the facial nucleus, most of the inhibitory trigemino-facial connections were likely severed, leaving only the excitatory response. Other studies have addressed feedback connectivity from the trigeminus to the facial nucleus in the adult rodent. Sreenivasan et al. (2015) identified a pathway that corresponds to neurons in the subnucleus SpVIr that project to the Po thalamus and the extrinsic muscles (Figure 7) . Further, a projection from the muralis division of the trigeminal sensory complex to the facial nucleus has been reported (Matthews et al., 2015) . This projection was proposed to be part of a reflex pathway. However, recent anatomical data (Tonomura et al., 2015) and ongoing electrophysiological experiments (Callado-Pé rez, A., et al., 2016, Soc. Neurosci., abstract) do not support vibrissa touch signals as afferent input to muralis neurons.
Context Dependence of the Trigemino-Facial Reflex
Inhibitory and excitatory postsynaptic potentials evoked in intrinsic motoneurons by air-puff vibrissa deflection occurred Intrinsic motoneurons in the ventral lateral sector of the facial nucleus receive both excitatory and inhibitory inputs from the subnucleus SpVO, whereas nasolabialis and maxillolabialis motoneurons in the dorsal lateral sector receive excitatory input from the subnucleus SpVIr neurons that also project to the Po thalamus. Abbreviations are as follows: principal trigeminal nucleus, PrV; spinal trigeminal subnuclei oralis, SpVO; spinal trigeminal subnuclei interpolaris, SpVI; spinal trigeminal subnuclei muralis, SpVM; and spinal trigeminal subnuclei caudalis, SpVC. Muscles nasolabialis (NL) and maxillolabialis (ML) retract the pad, muscle nasolabialis profundus (NLP) protracts the pad, and muscle deflector nasi (DN) deflects the nose.
at nearly the same latency. Yet the dominant effect was inhibition ( Figure 3B ). As suggested by the rapid reversal of IPSPs after impalement with a chloride-containing pipette and recalling that dendrites of facial motoneurons are electrotonically long (Nguyen et al., 2004) , the proximal location of inhibitory synapses likely explains the shunting of more distally located excitatory inputs. A critical issue, though, is the behavioral conditions under which inhibition or excitation prevails. Passive vibrissa deflection produced by an air puff is a useful means to uncover sensorimotor feedback loops involved in reflex control of facial motoneurons. However, this approach does not actually mimic the dynamics of reflex pathways engaged upon vibrissa contact during exploratory behaviors. Given the disynaptic nature of the reflex, its gain is likely modulated by motor strategies and the context of exploration, such as whether exploration occurs in a familiar versus unknown environment (Gordon et al., 2014) . It was reported that, when the vibrissae touch a non-attended surface, they show more pronounced bending, suggesting that contact-induced vibrissa is related in some way to the current goals and focus of the animal (Mitchinson et al., 2007; Voigts et al., 2015) . Further, reflex retraction is reported to occur only for a quarter of the epochs when the vibrissae contact an object in the head-restrained rat (Deutsch et al., 2012 ). Yet, the probability of reflexive motion more than doubled when the rats intended to explore an object (Sherman et al., 2017 ).
How can high-level input control a low-level, disynaptic vibrissa reflex? It is worth reminding that trigeminal sensory nuclei are replete with inhibitory circuits that operate at both the pre-and postsynaptic levels (Ide and Killackey, 1985; Bae et al., 2000 Bae et al., , 2005 Furuta et al., 2008) These circuits can be modulated by top-down pathways as well as by cholinergic, serotonergic, and noradrenergic modulatory systems (reviewed in Bosman et al., 2011) . Just like in the spinal cord, where both presynaptic and postsynaptic inhibition gates cutaneous inputs during locomotion (Rossignol et al., 2006) , similar mechanisms might control the gain and sign of reflex actions for all orofacial pathways mediated by trigeminal neurons that project to the facial nucleus. In particular, the results of modeling efforts (Sherman et al., 2013) imply that high-level feedback may change the relative contribution of intrinsic versus extrinsic muscles in the control of the pump-like motion of retraction followed by protraction upon touch.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
As Lead Contact, Martin Deschê nes is responsible for all reagent and resource requests. Please contact Martin Deschê nes at martin. deschenes@crulrg.ulaval.ca with requests and inquiries.
EXPERIMENTAL MODEL AND SUBJECT DETAILS Subjects
Experiments were carried out in 22 Long Evans female rats (250-350 g in mass), and in 5$8 weeks old adult mice (both male and female) according to the National Institutes of Health Guidelines. Pv-CreN knock-in mice were generated by inserting a 2A sequence, CreN-Intein-N and Frt-flanked PGKneomycin resistance cassette immediately in front of the stop codon of parvalbumin coding sequence by homologous recombination. ES clones with appropriate homologous recombination were selected by Southern blotting. After the knock-in mouse line was established, the Frt-flanked PGK-neomycin resistance cassette was removed by crossing with transgenic mice expressing Flpo in all cells (Jackson Laboratory, Stock No: 007844) .
The Ai14 reporter line, which carries a Cre-dependent tdTomato cassette (Jackson Laboratory Stock No: 007908) , and the Ai32 reporter line, which carries a Cre-dependent ChR2-EYFP cassette (Jackson Laboratory Stock No: 012569), were crossed to generate Pv-CreN;Ai14 and Pv-CreN;Ai32 mice, respectively.
All experiments were approved by the Institutional Animal Care and Use Committee at Duke University, Laval University, and the University of California at San Diego.
the curvature of the vibrissae in the successive video frames. Since tracking gives rise to the sequence of points that represent the vibrissa shape, we can directly calculate the curvature within a plane, denoted k, at any point along the vibrissa. We use k = y 00 ð1 + y 02 Þ 3 2 where y' = dy/dx. We calculated the averaged curvature of three points along the contact section, and then corrected the calculation based on the vibrissa's intrinsic curvature. The curvature traces of each clip were then smoothed by a Gaussian kernel of appropriate variation. All data were analyzed using routines written in MATLAB, Mathworks).
